The vertebrate nervous system is subdivided into two main parts: the central nervous system (CNS) and the peripheral nervous system (PNS). Axons ensure connectivity between the CNS and the PNS but there is no mixing of cell bodies between the two. The interfaces between CNS and PNS compartments are the transitional zones in the spinal cord \[[@B1]\]. These are located at the motor exit point (MEP), where motor axons leave the cord in ventral roots, and at the dorsal root entry zone (DREZ), where the afferents of primary sensory dorsal root ganglion neurons enter the spinal cord. In embryonic rodents and birds, boundary cap cells (BCCs) reside at these segmental exit points \[[@B2],[@B3]\]. BCCs are a small, transient population of cells that arise from ventrally migrating neural crest cells. BCC progeny at the DREZ emigrate to populate distal structures, where they differentiate into both glial and neuronal cells \[[@B4]-[@B6]\]. Elimination of BCCs at the MEP does not perturb motor axon outgrowth but results in motor neuron cell bodies migrating out of the spinal cord \[[@B7]\]. These observations led to the suggestion that BCCs regulate the migration of motor neuron cell bodies at the MEP. In two recent articles in *Neural Development*, Bron *et al*. \[[@B8]\] and Mauti *et al*. \[[@B9]\] address the molecular mechanisms underlying both the aggregation of BCCs at the DREZ and the MEP, and their gate-keeper functions at these interfaces. They report the involvement of classes of proteins that are also, perhaps unsurprisingly, known to be implicated in the patterning of neuronal circuits, namely the semaphorins and their receptors the plexins and neuropilins.

Semaphorin cues
===============

Neuronal migration and axon guidance are directed largely by chemical cues in the cells\' environment, which are detected by receptors on the migrating cell. Among the most important of these cues are the semaphorins, which are secreted, transmembrane or glycosyl-phosphotidyl-inositol-linked proteins with important roles in a variety of tissues. A common end point in semaphorin signaling is an alteration in the cytoskeleton arising from reorganization of actin filaments and the microtubule network. These effects occur primarily through binding of semaphorins to their receptors. The best-characterized receptors mediating semaphorin signaling are members of the neuropilin and plexin families of transmembrane proteins. In particular, the plexins, consisting of 10 members falling into four classes A to D, are thought to control many of the functional effects of semaphorins. There are eight classes of semaphorins, and except for Sema3E \[[@B10]\], the secreted class 3 semaphorins are unable to interact directly with plexins and use neuropilins as a ligand-binding component. In common with most other neural cue molecules, semaphorins are bifunctional, exerting repulsive or attractive signals. These dual activities intervene at different steps in the establishment of neural circuits, by regulating a variety of cellular events, including axon guidance, axon branching and neuronal migration (see \[[@B11]-[@B13]\] reviews). Although most work has focused on the secreted semaphorins, a few recent papers have described the ability of transmembrane semaphorins to behave as receptors on migrating neurons -- resulting in reverse semaphorin-plexin signaling -- and their consequent cell-autonomous action. The studies of Bron *et al*. \[[@B8]\] and Mauti *et al*. \[[@B9]\] now provide evidence for semaphorin-plexin signaling in regulating the positioning of motor neuron cell bodies and the function of BCCs, and suggest that both forward and reverse semaphorin-plexin signaling may be important in this process.

A previous study \[[@B7]\] proposed that BCCs secrete molecules exerting a repellent signal that confine motor neuron cell bodies to the spinal cord (Figure [1a](#F1){ref-type="fig"}). This repellent cue could be a semaphorin: in the chick embryos studied by Bron *et al*. \[[@B8]\] and Mauti *et al*. \[[@B9]\], the expression patterns of neuropilins and the plexin-A family in motor neurons and of classes 3 and 6 semaphorins are compatible with such a role. In their study, Bron *et al*. \[[@B8]\] focused on the MEP and used a combination of genetic approaches -- RNA interference (RNAi) in the chick (delivered by electroporation *in ovo*) and phenotypic analysis of mutant mice lacking the various signaling proteins -- to study the potential role of neuropilins, plexins and semaphorins in the positioning of motor neuron cell bodies. Targeted electroporation into the neural tube in chick embryos \[[@B14]\] showed that knock-down of Neuropilin 2 (Npn-2) but not Npn-1, and of PlexinA2 but not PlexinA1 or PlexinA4, leads to ectopic motor neurons in ventral spinal nerve roots. Those results indicated that the receptors Npn-2 and PlexinA2 are implicated in regulating the position of motor neuron cell bodies. This mechanism appears to be conserved in mammals, as in Npn-2 knockout mice there is also a mis-positioning of motor neuron cell bodies outside the spinal cord.

![A model of the proposed roles of Sema6A and PlexinA as gate-keepers at the motor exit point (MEP). **(a)**In wild-type mice, boundary cap cells (BCCs) express Semaphorin 6A (Sema6A) and motor neurons express members of the class A plexins. Motor neuron cell bodies are caged in the spinal cord. **(b)**Knock down of Sema6A (Sema6A^-/-^) leads to a lack of clustering of BCCs and ectopic migration of motor neuron cell bodies at the MEP. **(c)**Interactions between BCCs expressing Sema6A and motor neurons expressing PlexinA activate both reverse and forward signals to induce formation of BCC clusters and motor neuron caging, respectively. MIC, MICAL3, an intermediary of semaphorin signaling.](jbiol65-1){#F1}

By tracing the localization of BCCs with specific markers, Bron *et al*. \[[@B8]\] found that these cells persist at the MEP in Npn-2 null mutant mice. This leads the authors to conclude that the phenotype of aberrant motor neuron migration is due to the absence of Npn-2 in motor neurons rather than to BCC mis-positioning. In addition, class 3 semaphorin ligands of Npn-2 are expressed in BCCs. However, genetic ablation of Sema3B in chick or mouse does not result in ectopic motor neuron positioning. Interestingly, transmembrane Sema6A is also expressed in BCCs, in both chick and mouse, and Bron *et al*. \[[@B8]\] find that loss of function of Sema6A in BCCs leads to ectopic motor neurons in ventral nerve roots, especially at the hindlimb level. Sema6A could therefore be the BCC \'stop signal\' acting via PlexinA2 on motor neurons to cage the cell bodies.

In the second paper, Mauti *et al*. \[[@B9]\] focus on the involvement of semaphorin signaling in the formation of CNS/PNS interfaces in the chick embryo, and looked for a phenotype at both the MEP and the DREZ. They report a detailed expression pattern for Sema6A: it is expressed by neural crest cells destined to become BCCs before the appearance of markers detected only after the BCCs begin to aggregate. In this context, it should be remembered that an earlier study \[[@B7]\] showed that when grafted into crest-ablated embryos, neural crest cells preferentially migrate towards the presumptive MEP, suggesting that a chemoattractive signal might prefigure the BCCs. Interestingly, Mauti *et al*. \[[@B9]\] noticed that Sema6A downregulation, although not preventing BCC accumulation at the MEP and the DREZ, perturbed their clustering, a feature that may have been missed by Bron *et al*. \[[@B8]\]. Importantly, as also observed by Bron *et al*. \[[@B8]\], Sema6A knock down leads to motor neuron emigration through the MEPs (Figure [1b](#F1){ref-type="fig"}).

A discrepancy between the two studies, which we shall return to later, concerns the identity of the molecule that appears to interact with Sema6A. The results of Bron *et al*. \[[@B8]\] point to PlexinA2, whereas those of Mauti *et al*. \[[@B9]\] suggest PlexinA1. Mauti *et al*. \[[@B9]\] propose that BCC clustering is a primary and important event in restricting the migration of motor neuron cell bodies. In their scenario, Sema6A on the BCCs works as a receptor to allow clustering, whereas PlexinA1 expressed by motor neurons is acting in a non-autonomous manner to trigger signaling in the BCCs. In support of this idea, Sema6A does not make homophilic interactions and BCCs do not express PlexinA1. Also, unlike dorsal root ganglion neurons, cultured motor neurons are not repelled by cells expressing Sema6A. Finally, overexpression of ectodomain or full-length Sema6A in motor neurons apparently blocks PlexinA1-Sema6A interaction. This last experiment is open to alternative interpretations, however, as coexpression by a given cell of both a ligand and its receptors can lead to different outcomes. For example, Moret *et al*. \[[@B15]\] showed that coexpression by motor neurons of secreted Sema3A and its receptor Npn-1 desensitizes the neuronal response to Sema3A. In contrast, ephrins and their receptors (Ephs) coexpressed in the same cells do not interact *in cis*but segregate into separate membrane domains, which allows them to function as independent cues \[[@B16]\].

Sema6A reverse signaling
========================

Whereas the cell-autonomous and non-autonomous mode of action of Ephs and ephrins is well established in several embryogenic processes \[[@B17]\], a cell-autonomous function for transmembrane semaphorins is poorly documented so far. One example is the role of class 6 semaphorins in the developing cardiac system, where Sema6D-PlexinA1 forward and reverse signaling are required for the proper development of the cardiac ventricle in chick embryos \[[@B18]-[@B20]\]. Reverse signaling by Sema6D results in the phosphorylation of the protein Enable, a regulator of actin dynamics \[[@B18],[@B20]\]. Interestingly, Sema6A is also known to associate with proteins of the Enable family \[[@B21]\]. By analogy with Sema6D, Sema6A is potentially able to function cell autonomously. Nevertheless, the function of Sema6A as a ligand is better documented \[[@B22]\], and whether transmembrane semaphorins could act as signaling receptors during CNS development remains to be properly established.

In the present context, if Sema6A reverse signaling is at play in BCCs, with PlexinA1 in motor neurons in the role of a ligand, one would expect that expression of the PlexinA1 extracellular domain alone in motor neurons should rescue defective BCC clustering induced by suppression of PlexinA1, but not that resulting from defective Sema6A expression. Furthermore, overexpression of the Sema6A extracellular domain in BCCs should not rescue the clustering phenotype observed in the absence of Sema6A \[[@B9]\]. According to the hypothesis of Bron *et al*. \[[@B8]\], the Sema6A extracellular domain should, however, be able to rescue the ectopic motor neuron cell body phenotype (Figure [1c](#F1){ref-type="fig"}).

Sema6A interactions
===================

The two papers raise several other important questions. One is a discrepancy between the identity of the plexin able to interact with Sema6A. Bron *et al*. \[[@B8]\] show that knock-down of PlexinA2 but not PlexinA1 leads to motor neuron emigration at the MEP, whereas Mauti *et al*. \[[@B9]\] show the reverse. It is difficult to proffer an explanation for this difference, as both groups performed convincing controls -- the chosen targeted sequences downregulating the correct gene and not other plexins. The techniques used do differ, however. Bron *et al*. \[[@B8]\] specifically target either neural crest or neural tube, and use plasmids coexpressing short hairpin RNA (shRNA) and enhanced green fluorescent protein (EGFP) \[[@B14]\]. Mauti *et al*. \[[@B9]\] target both neural crest and neural tube, and co-electroporate a mixture of double-stranded RNA (dsRNA) and a vector encoding EGFP \[[@B23]\]. Because Bron *et al*. \[[@B8]\] used shRNA and Mauti *et al*. \[[@B9]\] the sequences targeted in plexin mRNA are different. The discrepancies in plexin identification could thus be due to differences in the efficiency of knock-down. If antibodies were available, measurements of protein levels could be helpful. Analysis of plexin null mouse phenotypes might also be informative but awaits the analysis of the phenotype of PlexinA2 mutant mice. In PlexinA1 knockout mice, proprioceptive sensory axons are misplaced in the dorsal spinal cord \[[@B24]\]. This effect is most probably mediated by Sema6C and Sema6D, and no ectopic motor neuron phenotype or BCC mis-positioning has been reported in this mutant.

In fact, little is known about the identity of receptors for membrane bound semaphorins. BCCs do not express class A plexins, but the analysis of Sema6A-class A plexin binding provided by Mauti *et al*. \[[@B9]\] does not rule out the possibility of other receptors for Sema6A. Indeed, the best-characterized receptors for membrane-bound semaphorins, especially in the nervous system, are not plexins. Sema7A binds to a β~1~-integrin on olfactory neurons \[[@B25]\] and Sema5A binds to transmembrane heparin sulphate proteoglycan (HSPG) on axons \[[@B26]\]. It is also important to note that in the context of the semaphorin-plexin-neuropilin system, multiple combinations of ligands and receptors can cooperate *in vivo*. Multimolecular receptor complexes include, beside plexins and neuropilins, several kinds of modulators such as members of the immunoglobulin superfamily of cell adhesion molecules \[[@B27]\]. It has recently been shown that neuropilins themselves could exert a gating function in semaphorin-plexin signaling during the assembly of neuronal circuits \[[@B28]\]. A possibility would be that a similar mechanism is at play in the observations of Bron *et al*. \[[@B8]\], with Npn-2 working as a modulator of plexin signaling in this system. Indeed, these authors show that Npn-2 knock down leads to ectopic motor neuron cell bodies in ventral roots, whereas this phenotype could not be phenocopied by knock down of identified Npn-2 ligands. Nevertheless, the alternative possibility that PlexinA2 and Npn-2 signaling work in parallel cannot be excluded.

The phenotypes observed after knock-down of different semaphorins or plexins are less severe than those after complete BCC ablation \[[@B8]\]. This suggests a possible heterogeneity in the motor neurons, together with a complex interplay between ligands in the BCC environment and receptor components in the motor neurons. The severity of phenotypes varies along the antero-posterior axis, which is reminiscent of phenotypes described in zebrafish after PlexinA3 knock down \[[@B29]\]. Dorso-ventral differences were also noticed, as knock-down of Sema6B, Sema6D and PlexinA4 lead to defaults at the DREZ such as a failure of dorsal roots to form and segregate properly, but not at the MEP \[[@B9]\]. This would be consistent with recent, and still controversial, claims of differences in the roles of BCCs located at the MEP and the DREZ \[[@B30]\]. At the MEP, BCCs become associated with nerve root motor axons only after their exit from the CNS. By contrast, at the DREZ, BCC clusters prefigure the site of sensory axon entry to the spinal cord. Therefore, if BCCs are not properly positioned at the DREZ, axons would fail to enter correctly here. In contrast, axons would exit normally at the MEP, but the crucial interaction between the first motor axons and BCCs would be disrupted, leading to a failure of BCCs to cluster and a subsequent lack of motor neuron cell body caging.

How are cell-surface interactions linked with the establishment of neuronal polarity?
=====================================================================================

Establishment of polarity is an essential process during neuron migration and differentiation, and the signaling pathways leading to polarization of the cytoskeleton are topics of intense interest. The observations of Bron *et al*. \[[@B8]\] provide an impetus to undertake further experiments in this direction. They report that knock-down of MICAL3 (molecule interacting with CasL) leads to the most severe ectopic motor neuron phenotype in the chick ventral spinal cord. This is consistent with the convergence of several sets of signals on this intermediate of semaphorin signaling. The recently identified MICALs are a family of adaptor proteins containing multiple well conserved domains with known interactions with the cytoskeleton, in particular with microtubules, cytoskeletal adaptor proteins and other signaling proteins \[[@B31]\]. Indeed, a central component of the neuronal cytoskeletal structure is a microtubule array, with the centrosome or microtubule-organizing center lying at its hub. It has been hypothesized (\[[@B32]\], but see also \[[@B33]\]) that the centrosome acts as a link between microtubule-based pulling forces generated within the extending neuronal process and the network of microtubules that surrounds the nucleus. Forces generated in the leading process transmit through the centrosome to the nucleus and pull the nucleus forward \[[@B32]\]. In the case of CNS/PNS interfaces, a possibility would be that semaphorin extracellular cues are signaling to neurons to uncouple this process from axonal outgrowth. The analysis of spatio-temporal dynamics of the signals and polarity-regulating proteins will be required for a complete picture of the forces regulating the caging of migrating neuronal cell bodies.

In conclusion, these two papers \[[@B8],[@B9]\] demonstrate that the formation of CNS/PNS interfaces comprises a stepwise and complex set of cellular and molecular events in which semaphorin-plexin-neuropilin signaling is at play. They strongly suggest that Sema6A could be a cue used to perform several tasks. Although the signaling mechanisms remain to be confirmed, the data are consistent with clustering of BCC at the MEP and the DREZ controlled by attractive Sema6A reverse signaling \[[@B9]\] and forward signaling by Sema6A (and possibly other semaphorins) expressed by BCCs regulating the positioning of motor neuron cell bodies \[[@B8]\]. The latter is further supported by the observation that knockdown of MICAL3, a downstream component in semaphorin signaling, led to extensive mis-positioning of motor neurons in the PNS and opens the way to understanding how extracellular cues control the complex process of neuronal polarity.
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